treatment. In silico pathway analyses revealed an upregulation of the citric acid cycle pathway in PrL, and downregulation in ACC and nucleus accumbens (NAc). Chronic fluoxetine treatment prevented decreased citric acid cycle activity in NAc and ACC and ameliorated conditioned fear response in shocked mice. Our results shed light on the role of energy metabolism in PTSD pathogenesis and suggest potential therapy through mitochondrial targeting.
does not develop until weeks to months after trauma exposure. Hence, the long-lasting effect of molecular changes in brain regions involved in stress and traumatic memory (fear circuitry) play an important role in the pathogenesis of PTSD.
Although clinical studies on PTSD have identified dysregulations in endocrine signaling [2, 3] , neurotransmitter system [4] , as well as genetic and epigenetic risk factors [5, 6] , there is still a lack of global investigations on altered cellular and molecular pathways and biomarkers of fear circuitry involved in PTSD development. Selective serotonin reuptake inhibitors (SSRIs) antidepressants, such as fluoxetine, have been widely used to improve PTSD symptoms in patients [7] and have shown therapeutic efficacy in animal studies [8] . However, the underlying molecular mechanisms affected by fluoxetine in distinct brain regions still remain elusive. A global investigation of molecular pathways associated with fear circuitry with the help of PTSD animal models subjected to fluoxetine treatment can provide useful insights into molecular pathology and treatment efficacy.
For PTSD, a complex and polygenic psychiatric disorder, the integration of different -omics-based methods and systems biology is necessary for a better understanding of disease-related molecular pathways [9, 10] . These include nonhypothesis-driven proteomics, metabolomics, and transcriptomics methods for the identification of affected pathways and biomarkers.
In the present study, we investigated a previously published PTSD mouse model generated by inescapable foot shocks (FSs) as traumatic stressors [8] . Shocked mice showed PTSD-like symptoms, including conditioned fear response, which was ameliorated upon chronic fluoxetine treatment. To identify dysregulated pathways and therapeutic targets of fluoxetine, we applied proteomics and metabolomics for the analyses of specific mouse model brain regions believed to be involved in PTSD. We focused on brain regions involved in fear circuitry, including the prelimbic cortex (PrL), anterior cingulate cortex (ACC), nucleus accumbens (NAc), basolateral amygdala (BLA), central nucleus of the amygdala (CeA) and CA1 region of the hippocampus [11] [12] [13] . For proteomics analysis, 15 N metabolically labeled reference material was used for quantitative mass spectrometry [14] . We first identified altered molecular pathways upon FS exposure followed up by an investigation of the fluoxetine rescue effect on the proteome level. We then subjected PrL, ACC, NAc, BLA, CeA, and CA1 punched tissue to targeted polar metabolomics profiling analysis to further corroborate our proteomics findings [15] . Proteomics and metabolomics data were integrated to delineate affected pathways contributing to PTSD-like pathogenesis and fluoxetine targets.
Experimental Procedures
Animals Male C57BL/6NCrl mice, 7-8 weeks old (Charles River GmbH, Sulzfeld, Germany), were housed in groups of four in Makrolon type II cages (23 × 16.5 × 14 cm 3 ) under standard conditions (inverse 12: 12-hour light-dark cycle, light off at 7: 00, room temperature 23 ± 2 ° C, humidity 60%) with food and water ad libitum. All experiments were carried out according to the European Community Council Directive 2010/63/EEC and approved by the local government of Upper Bavaria (55.2.1.54-2532-41-09 and 55.2.1.54-2532-141-12). Laboratory animal care and experiments were conducted according to the regulations of the current version of The German Animal Welfare Act.
PTSD Mouse Model and Fluoxetine Treatment
A previously published PTSD mouse model [8, 16] was applied by performing fear conditioning (administration of an unsignaled FS in the shock chamber with house light on) during the active phase of the circadian cycle. Mice were conditioned in a Plexiglas cage (16 × 16 × 32 cm 3 ) with a grid harness package (ENV-407, ENV-307A, MED Associates, St. Albans, Vt., USA) connected to a shock generator (Shocker/Scrambler: ENV-414, MED Associates). After 198 s of habituation, animals underwent two electric FSs (1.5 mA, 2 s of length) at moderate illumination (40 lux) with a 60-second interval in between. Animals remained in the shock chamber for another 60 s before being returned to their home cages. Nonshocked (control) mice went through the same procedure, but without receiving FSs.
Fluoxetine, dissolved and administered via drinking water in light-proof bottles (20 mg/kg/day; Ratiopharm GmbH, Ulm, Germany) or vehicle (tap water) treatment was applied to shocked mice 12 h after FSs for 28 days, followed by a 28-day washout period according to previous studies [8] . To assess fluoxetine treatment efficacy, sensitized fear response was evaluated by exposing mice to a neutral tone (60 s of length, 80 dB, 9 kHz) in a neutral cylindrical context on day 28 after FSs. The long-lasting effect of shock application and fluoxetine treatment was assessed after the washout period, by placing mice into the neutral (cylindrical and hexagonal shaped) and shock chambers for contextual fear test for 3 min. In the cylindrical grid chamber, mice were additionally exposed to a neutral tone for 3 min to test sensitized fear (online suppl. fig. S1 ; for all online suppl. material, see www.karger.com/doi/10.1159/000445377). Freezing behavior was defined as immobility except for respiration movements with the head of the animals in a horizontal position according to procedures described previously [8, 17] . The entire behavioral session was video-taped for off-line rating by a trained observer who was unaware of the treatment.
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cryostat (Microm, Walldorf, Germany) up to the appearance of target subregions. Punch specimens were isolated using cylindrical punchers (Fine Science Tools, Heidelberg, Germany) essentially as described [18] . The location and length of the punches were selected based on a stereotaxic atlas [19] described as follows (in mm: starting point rostral-caudal to bregma, punch diameter, punch length): PrL (2.3 mm posterior to bregma, 1.0 mm in diameter, 0.9 mm in length), ACC (0.86, 0.5, 1.0), NAc (1.7, 0.5, 1.0), BLA (-0.8, 0.35, 1.0), CeA (-0.9, 0.5, 0.8), cornu ammonis 1 (CA1) region of the dorsal hippocampus (-1.5, 0.5, 0.8). The dissection site was verified by Nissl histological staining with a stereomicroscope.
Experimental Design and Statistical Rationale
Liquid Chromatography-Tandem Mass Spectrometry Quantitative Proteomics Analysis Tissue pools (n = 5 for the nonshock-vehicle group, n = 5 for the shock-vehicle group, n = 3 for the shock-fluoxetine group) from each bilaterally punched brain region (PrL, ACC, NAc, BLA, CeA, CA1) were subjected to extraction of cytosolic and membrane-associated proteins [20] . Brain regions from 15 N-labeled BL6/C57 mice that cover the punch subregions analyzed were used as reference material [14] . Equal protein amounts of 15 N-labeled internal reference standard were added to all samples [14] . 14 N/ 15 N protein mixtures representing 50-60 μg were separated by SDS polyacrylamide gel electrophoresis, fixed and stained with Coomassie Brilliant Blue R-250 (Biorad, Hercules, Calif., USA). The gel was destained, and each gel lane was cut into 2.5-mm slices (20-22 slices per sample) for tryptic in-gel digestion and peptide extraction, as described previously [14] .
Tryptic peptide extracts were dissolved in 0.1% formic acid and subjected to a nanoflow HPLC-2D system (Eksigent, Dublin, Calif., USA) coupled on-line to an LTQ-Orbitrap mass spectrometer (Thermo Fisher Scientific, Bremen, Germany). Prior to peptide separation, samples were on-line desalted for 10 min with 0.1% formic acid at a flow rate of 3 μl/min [Zorbax-C18 (5 μm) guard column, 300 μm × 5 mm; Agilent Technologies, Santa Clara, Calif., USA]. Desalted peptides were then separated by chromatography [in-house packed Pico-frit column, RP-C18 (3 μm), 75 μm × 15 cm; New Objective, Woburn, Mass., USA]. A gradient of 95% acetonitrile/0.1% formic acid from 10 to 45% over 93 min at a flow rate of 200 nl/min was applied for peptide elution. Column effluents were directly injected into the mass spectrometer via a nanoelectrospray ion source (Thermo Fisher Scientific). The mass spectrometer was operated in the positive mode applying a data-dependent scan switch between MS and MS/MS acquisition. Full scans were recorded in the Orbitrap mass analyzer (profile mode, m/z 380-1,600, resolution R = 60,000 at m/z 400). The top 5 most intense peaks in each scan were fragmented and recorded in the LTQ with a target value of 10,000 ions in the centroid mode. Other MS parameters were set as described previously [14, 21] .
Protein Identification and Quantitation Peptides were identified by 14 N and 15 N database searches using Sequest (v28, implemented in Bioworks v3.3.1; Thermo Fisher Scientific) against a decoy Uniprot mouse protein database (release 2010_02) containing 110,128 entries (including forward and reverse sequences). Enzyme specificity was set to trypsin. Mass accuracy settings were 10 ppm and 1 Da for MS and MS/MS, respectively. Two missed cleavages were allowed, and cysteine carboxyamidomethylation and methionine oxidation were set as fixed and variable modifications, respectively. The filtering parameters for peptide identifications were minimum Delta Cn: 0.08 and Xcorr: 1.90 (z = 1+), 2.7 (z = 2+), 3.50 (z = 3+), and 3.00 (z ≥ 4+). 15 N peptide identification was assessed by a variable modification of -0.99970 Da for lysine and arginine for the frequent shift from 15 N monoisotopic to the most intense 15 N isotopomer, as described previously [22] . A false discovery rate of 0.1% was set as the filtering criterion for peptide hits using PeptideProphet; 14 N and 15 N database searches were combined via iProphet, and protein groups were identified by ProteinProphet [23] . Keratin and proteins with one peptide identified were excluded. Relative protein quantification was performed with the ProRata software (v1.0) with default parameter settings [24] . The identified peptides for every 14 N/ 15 N were filtered and quantified with a minimum signal-to-noise ratio cutoff of 2, and ambiguous peptides were excluded from further analysis. To correct potential mixing errors during sample preparation, quantification results were normalized by subtracting the median from all log 2 ratios of the quantified proteins.
The mass spectrometry proteomics data have been deposited to the ProteomeXchange Consortium [25] via the PRIDE partner repository with the dataset identifiers PXD002231, PXD002271, and PXD002272.
Metabolomics Analysis
Punched tissues from 15 mice for each brain region (PrL, ACC, NAc, BLA, CeA, CA1) were pooled into 5 biological replicates (three pooled mouse tissues per analysis) and homogenized (2 min × 1,200 min -1 ; homogenizer PotterS, Sartorius, Göttingen, Germany) in 30-fold (W/V) ice-cold 80% methanol (Merck). Homogenates were centrifuged (14,000 g , 10 min) at 4 ° C, and supernatants were incubated on dry ice for 2 h. Tissue pellets were further disrupted and homogenized with 6-fold (w/v) ice-cold 80% methanol and combined with previous supernatants. Extracts were lyophilized and stored at -80 ° C for further analysis.
Samples were resuspended in 20 μl liquid chromatographymass spectrometry grade water; 10 μl were injected and analyzed using a 5500 QTRAP triple quadrupole mass spectrometer (AB/ Sciex, Framingham, Mass., USA) coupled to a Prominence UFLC HPLC system (Shimadzu, Columbia, Md., USA). Samples were delivered to the mass spectrometer via normal-phase chromatography using a 4.6-mm i.d. × 10-cm Amide Xbridge HILIC column (Waters Corp., Milford, Mass., USA) at 350 μl/min. HPLC running buffers and gradients were set as described previously [21] . Some metabolites were targeted in both positive and negative ion modes for a total of 320 SRM transitions using positive/negative polarity switching with previously described mass spectrometer parameter settings [21] . Peak areas from the total ion current for each metabolite SRM transition were integrated using the MultiQuant v2.0 software (AB/Sciex).
Statistics and Data Analysis Identification of Differentially Expressed Proteins
To compare protein expression levels between two experimental groups, profile likelihoods of both groups were combined via cross-correlation to get a probabilistic estimate of the indirect abundance ratio between two groups. For each protein, a p value for the null hypothesis was derived from the profile likelihood by means of a likelihood ratio test to identify whether the estimated log 2 ratio is significantly different from 0. All p values were adjusted using the Benjamini-Hochberg method.
In silico Pathway Analysis To identify altered biological pathways and processes between different mouse groups in distinct brain regions, DE proteins (p < 0.05) were uploaded to DAVID Bioinformatics Resources (http:// david.abcc.ncifcrf.gov/tools.jsp) with all quantified proteins as background. Functional enrichment of the KEGG pathway and Gene ontology was acquired, and pathways were considered enriched with a p value <0.05 after the Benjamini-Hochberg correction.
One-Sided Kolmogorov-Smirnov Test-Based Gene Set Enrichment Analysis and Metabolite Set Enrichment Analysis Gene set enrichment analysis (GSEA) and metabolite set enrichment analysis (MSEA) are commonly used statistical methods to identify enriched gene sets or metabolite sets by considering the genome-wide expression profiles of samples from two different groups [26] . The one-sided Kolmogorov-Smirnov (KS) test based on GSEA and MSEA is a variation of the typical GSEA/MSEA and uses random walk with permutation to estimate the significance of enrichment. The one-sided KS test-based GSEA/MSEA uses onesided KS test to estimate whether genes or metabolites involved in the set distribute unevenly in the ranked list (online suppl. fig. S2 ).
Genes or metabolites are first ranked based on the Pearson's correlation coefficients between their expression profiles and the group distinction pattern, i.e. the pattern using 0 and 1 to distinguish samples from the two different groups. Given a priori-defined sets of genes or metabolites, e.g. the genes or metabolites involved in a given metabolic pathway, the distribution of ranks of these genes or metabolites is compared with the uniform distribution across the list using the one-sided KS test, by trying two different null hypotheses: (1) the rank distribution of the defined gene set is not less than the uniform distribution; (2) the rank distribution of the defined gene set is not greater than the uniform distribution. The significance and the direction of the changes are determined based on the p values for the two null hypotheses.
In this study, the metabolic pathway information, including genes and metabolites that are part of the pathways was obtained from the Small Molecule Pathway Database (http://smpdb.ca/) and Human Metabolome Database (http://www.hmdb.ca/).
Results

Alterations on the Proteome Level in FS-Induced PTSD Mouse Model
We applied a previously published PTSD mouse model to investigate the molecular changes in the brain [8] . Adult C57BL/6 mice were subjected to two nonescapable electric FSs (1.5 mA, 2 s), followed by a 28-day incubation to develop PTSD-like symptoms. Shocked mice showed significantly higher conditioned fear response when being exposed to neutral contexts (cylindrical and hexagonal shaped plexiglas chambers), neutral tone, and shock context (cubic chamber with metal grid) compared to control (nonshocked) mice ( fig. 1 ) .
A quantitative proteomics platform based on 15 N metabolic labeling and liquid chromatography-tandem mass spectrometry analysis was used to investigate FS-induced , and shock context (cubic chamber with metal grids for shock application, day 57) compared to control (nonshocked) mice. Contextual fear response in shocked mice was ameliorated upon chronic fluoxetine treatment. All comparisons were assessed by one-way ANOVA analysis with Bonferroni's multiple comparison test; n = 5 for the control-vehicle group, n = 5 for the shocked-vehicle group, and n = 3 for the shocked-fluoxetine group. Data are presented as mean ± SEM ( * p < 0.05, * * p < 0.01, n.s. = not significant).
proteome changes in different brain regions involved in fear circuitry [14, 22] . 15 N-labeled proteins were used as the internal standard for the indirect comparison between control and shocked mice. We punched brain subregions that are involved in fear circuity, including PrL, ACC, NAc, BLA, CeA, and CA1 for further analysis. Due to the limited tissue amount, punched brain tissues from 3-5 mice were pooled. Pooled brain tissues were then extracted for cytosolic and membrane-associated fractions. Nonredundant protein groups were quantified for each brain region by direct comparison between test sample and reference material (online suppl. table S1). Indirect comparison between control and shocked mice revealed significantly differentially expressed (DE) proteins (p < 0.05) after multiple testing correction in both cytosolic and membrane-associated fractions (online suppl. table S1). ACC and NAc showed the strongest alterations in protein abundance, with 154 and 549 DE proteins in ACC, and 223 and 310 DE proteins in NAc in cytosolic and membrane-associated fractions, respectively.
We next investigated enriched cellular processes in different brain regions as described in Experimental Procedures ( table 1 ) . A major finding was a significant enrichment of proteins involved in the generation of precursor metabolites and energy metabolism including the citric acid cycle in the membrane-associated fraction of ACC, NAc and PrL ( table 1 ) . As a follow-up, we therefore decided to further interrogate FS-induced energy metabolism pathway changes with the help of a metabolomics platform [15] .
Integration of Proteomics and Metabolomics Profiling Data in Shocked Mice Reveals Altered Energy Metabolisms in NAc and ACC
We applied the one-sided KS test-based GSEA to cytosolic and membrane-associated fraction proteomics data of the different brain regions to enrich affected metabolic pathways. Multiple metabolic pathways were enriched in the shocked mice in distinct brain regions (online suppl. table S2). We found a decrease in citric acid cycle enzyme abundance in the membrane-associated fraction of both ACC and NAc, as well as increased enzyme levels in PrL. These findings were consistent with the DAVID analysis results.
For further verification of these metabolic pathway alterations, we subjected distinct brain region extracts (PrL, ACC, NAc, BLA, CeA, and CA1) from control and shocked mice to metabolomics analyses. A total of 320 metabolites were quantified, of which 268 were assigned to Human Metabolome Database-annotated metabolites (online suppl. table S3). Focusing on the brain regions PrL, ACC, and NAc that had shown metabolic pathway alterations based on the proteomics data, we applied the one-sided KS test-based MSEA to identify significantly altered metabolic pathways in shocked mice (online suppl. table S4). We next employed the permutation-based test by calculating Euclidean distance (D e ) for rank similarity between GSEA and MSEA analysis. The similarity test showed consistent output results between MSEA and GSEA in the membrane-associated fraction analysis of ACC and NAc (Benjamini-Hochberg corrected false discovery rate <0.1), suggesting that the proteomics and metabolomics data both implicate metabolic pathway alterations in these two brain regions.
We found a trend for a downregulated citric acid cycle pathway in NAc in shocked mice from MSEA analysis (p = 0.077). The levels of citric acid cycle intermediates including oxalacetic acid, citric acid, aconitic acid, isocitric acid, and succinic acid were decreased ( fig. 2 a) . This was consistent with the proteomics data from DAVID and GSEA analyses that also support downregulation of the citric acid cycle in NAc in shocked mice. Furthermore, MSEA analysis also suggests a weak signal for a decreased citric acid cycle pathway activity in ACC in shocked mice that can in part be explained by the increased abundance of certain metabolites such as NAD and NADH, which in addition to the citric acid cycle are members of several other metabolic pathways. The majority of metabolites involved in the citric acid cycle including pyruvic acid, citric acid, aconitic acid, and isocitric acid were found at lower levels, while only few intermediates (oxolutaric acid, succinic acid and oxalacetic acid) were found with small increases in the ACC of shocked mice ( fig. 2 b) . We then applied the permutation-based test for the longest path of components with a continuous decrease in expression in shocked mice, taking into consideration both the quantified enzymes and metabolites involved in the citric acid cycle in ACC. In the shocked mice, the observation that quantified enzymes and metabolites not only tended to decrease in abundance but also tended to link with each other in one pathway (permutation p = 0.0367) supports the notion that the citric acid cycle in ACC was downregulated in the shocked mice.
Chronic Fluoxetine Treatment Prevents FS-Induced Citric Acid Cycle Proteome Alterations
Conditioned fear response, one of the key PTSD-like symptoms, was tested after the fluoxetine washout, and was ameliorated after chronic fluoxetine treatment in shocked mice ( fig. 1 ) . We compared brain proteomes be- tween shocked mice treated with fluoxetine and vehicle to investigate molecular changes associated with the fluoxetine rescue. Focusing on the proteins that were affected in the shocked mice, proteomic analysis revealed a rescue effect of fluoxetine treatment for FS-induced altered pathways. With chronic fluoxetine treatment, we found most of the significant FS-induced alterations rescued in the membrane-associated fraction of ACC and CA1 ( table 2 ) . Furthermore, fluoxetine treatment increased the expression level of proteins involved in the GO pathway 'generation of precursor metabolites and energy' (aconitate hydratase, isocitrate dehydrogenase and succinyl-CoA ligase) which were found decreased in ACC in shocked mice ( fig. 3 b) . In addition, upon fluox- citrate dehydrogenase, and oxoglutarate dehydrogenase, was rescued ( fig. 3 a; table 2 ). These findings suggest that fluoxetine treatment affects energy metabolism pathways in NAc, ACC and CA1 associated with FS-induced PTSDlike symptoms.
Discussion
In the present study, we have for the first time combined proteomics and metabolomics data of a PTSD mouse model to unravel affected molecular pathways in brain regions believed to be involved in fear circuitry. Our data implicate energy metabolism alterations in NAc and ACC in the shocked mice. Chronic fluoxetine treatment prevents energy metabolism dysregulation in the same brain areas and ameliorates PTSD-like symptoms in shocked mice.
We applied an FS-induced PTSD model using inbred C57BL/6NCrl mice, a strain that is susceptible to PTSDlike symptom development [16, 18, [27] [28] [29] . Using a standardized proteomics platform based on 15 N metabolic labeling and mass spectrometry, we accurately quantified and identified significantly altered protein expression levels in affected brain regions and enriched altered cellular pathways by in silico pathway analyses. Proteomics findings were further corroborated by targeted metabolite profiling. By integrating proteome and metabolome data, we were able to unravel altered molecular pathways associated with PTSD pathogenesis as well as potential therapeutic targets for fluoxetine treatment.
Mitochondria are involved in intracellular processes regulating neuronal plasticity, survival and signal transduction [30] [31] [32] . Dysregulated mitochondrial function has been implicated in psychiatric and neurodegenerative diseases. Filiou et al. [14] showed that divergent mitochondrial mechanisms, including energy metabolism, mitochondrial transport and oxidative stress contribute to anxiety-related behaviors in mice. Upon psychological trauma exposure, cellular metabolic responses are activated and chronic inflammation is produced in neurons [33, 34] . Persistent dysregulated energy metabolism ultimately leads to bioenergetic impairment and chronic low-grade inflammation, and may result in chronic diseases such as PTSD [33] and schizophrenia [35] . In this regard, Flaquer et al. [36] identified two mitochondrial variants located in the adenosine triphosphate synthase subunit 8 and NADH subunit 5 which were significantly associated with PTSD.
The citric acid cycle produces NADH as a precursor of oxidative phosphorylation and chemical energy in the form of adenosine triphosphate [37] . In our study, we observed an increased expression of proteins involved in the citric acid cycle in PrL in shocked mice ( table 1 ; online  suppl. table S1 ). Persistent PrL activation was reported to be associated with enhanced learned fear expression in female rats [38] . Another study suggested that sustained conditioned responses in PrL correlated with fear extinction failure [39] . Endocannabinoids have been shown to regulate PrL activity by activating cannabinoid type 1 (CB1) receptors and anxiety-like behaviors in rats [40] . Furthermore, CB1 receptors are part of neuronal mitochondria membranes, where they regulate respiration and energy metabolism [41] . Persistent increased energy metabolism that we have observed in PrL may result in neuronal activity and signaling alterations causing exaggerated fear expression in the shocked mouse.
ACC belongs to the prefrontal cortex and interacts with PrL to regulate top-down attention and stimulusguided action [42] and is involved in emotional control and cognitive functions which are dysregulated in PTSD [43, 44] . Previous studies indicate that ACC exhibits diminished activation in response to threat-related events in PTSD [45] . In addition, increased activation in the ven- tral ACC correlates with symptom improvement after successful treatment of PTSD by cognitive behavioral therapy [46] . Another study reported reduced N-acetylaspartate (NAA) levels in the right ACC of PTSD patients [47] . NAA facilitates energy metabolism in neu ronal mitochondria, and decreased NAA levels are as sociated with reversible neuronal or mitochondrial dysfunction [48, 49] . In accordance with previous findings, our proteomics and metabolomics data revealed a downregulation of the citric acid cycle pathway ( table 1 ; fig. 2 b) , implying decreased mitochondrial/neuronal activity in the ACC of shocked mice.
NAc is associated with cognitive processing, such as motivation and reward [50, 51] and plays an important role in anxiety-like behaviors [52, 53] , emotion [54] , and depression [55, 56] . Emotional numbing and negative alterations in cognition are among the core PTSD symptoms [1] . Previous studies showed a lower activation of the NAc in PTSD patients, which may be related to decreased motivation and altered reward processing [57] . Similar to our findings in ACC, we observed a decreased expression of proteins and metabolites associated with the citric acid cycle in NAc in shocked mice ( table 1 ; fig. 2 a) . Proteomics analysis revealed that rats reared with a control condition exhibited decreased expression of proteins involved in the citric acid cycle upon acute stress exposure, while rats reared with environmental enrichment, which produced a protective antidepressant-like phenotype, showed increased protein expression in NAc [58] . Taken together, upon exposure to a stressor, persistent mitochondrial dysfunction results in downstream cellular metabolic changes (e.g. decreased citric acid cycle activity) in NAc and may contribute to the pathogenesis of PTSD.
Fluoxetine is an SSRI antidepressant commonly used for treatment of major depressive disorder, obsessivecompulsive disorder, and panic disorder [7, 59, 60] . Major psychotherapeutic actions of fluoxetine treatment are reported to impact cortical neurofilament, synaptic remodeling, neurogenesis, and metabolism via 5-HT receptor signaling [61] [62] [63] . However, treatment with SSRIs has by and large failed to cure PTSD. Nevertheless, this class of compounds is often prescribed to PTSD patients to induce symptomatic relief. This applies to paroxetine in Europe and fluoxetine in North America. One of the reasons why chronic SSRI treatment has failed so far may relate to the time of intervention. In most cases, treatment is initiated once patients are diagnosed with PTSD, which is typically the case weeks to months after trauma. This, however, might be too late for a genuine curative intervention. Indeed, animal experiments indicate that PTSD-like symptoms may become manifest only several weeks after trauma and that this long-term consolidation process has a different neurochemical/molecular signature at early versus late stages [64] . Our data suggest that SSRI treatment starting in the early aftermath of a trauma can prevent the development of a 'full-blown' PTSD symptomatology. This conclusion is further supported by the fact that the washout of fluoxetine treatment was not followed by relapse of PTSD-like symptoms. Behavioral changes were accompanied by a 'reinstatement' of the citric acid cycle pathways in ACC and NAc of shocked mice after drug washout ( fig. 3 ) , indicating a long-lasting effect of fluoxetine treatment on regulating mitochondrial functionality and its preventative effect on PTSD development. Apart from serotonergic neurotransmission, several studies also indicated modulations of mitochondrial functionality after fluoxetine treatment. Upon norfluoxetine (active metabolite of fluoxetine) or other antidepressant treatment, a decreased transmembrane electrochemical gradient generated by the mitochondrial electron transport chain was observed in isolated rat heart mitochondria [65] . Treatment of rats with paroxetine, another SSRI antidepressant, increased mitochondrial respiratory chain in the prefrontal cortex, hippocampus, striatum, and cerebral cortex [66] . In line with previous animal studies, Zhao et al. [67] demonstrated that fluoxetine and imipramine treatments regulate energy metabolism, amino acid metabolism, and neurotransmitters in the hippocampus and showed antidepressant effects in a chronic mild stress mouse model. Furthermore, the anti-inflammatory effect of fluoxetine may improve stress-induced mitochondrial dysfunction and prevent neurons from cellular metabolism perturbations [68] . Taken together, mitochondria appear to be the target of fluoxetine treatment by its ability to alter energy metabolism and production of amines. The modulation of neuronal energy metabolism might constitute a venue for treating PTSD.
In conclusion, our proteomics and metabolomics data of an FS-induced PTSD mouse model have shown altered energy metabolism in PrL, ACC, and NAc. Furthermore, fluoxetine treatment of PTSD mice rescued protein expression alterations associated with the citric acid cycle in ACC and NAc. A limitation of the current study is the small number of mice (n = 5) per study group. In addition, due to the small amount of tissue mass from the brain punches, proteomic mass spectrometry analyses had to be performed with pooled samples. However, through an integration of proteomics and metabolomics data, we were able to provide novel insights into molecular pathways involved in PTSD and the potential for therapeutic mitochondrial tar-geting, which most recently is also considered for cancer [69] and neurodegenerative disorder treatments [70] . Mitochondrial involvement has also been suggested in other psychiatric diseases [71, 72] . Further studies are needed to find out whether mitochondrial-related alterations are specific for different classes of neurons and elucidate their role in the pathogenesis of distinct mental disorders.
